Pebble
Introduction
In many animals, body structures show directional leftright (LR) asymmetry, which is determined genetically (Levin, 2004; Okumura et al., 2008) . The mechanisms of LR axis determination in certain vertebrate species are well-studied (Burdine and Schier, 2000; Hamada et al., 2002; Tabin and Vogan, 2003; Tabin, 2006; Hirokawa et al., 2006) . For example, 0925-4773/$ -see front matter Ó 2012 Elsevier Ireland Ltd. All rights reserved. http://dx.doi.org/10.1016/j.mod.2012.09.007 in mouse, nodal flow, which is a leftward flow of extra-embryonic fluid in the node, produces the first LR axis information (Hirokawa et al., 2006; Shiratori and Hamada, 2006) . The nodal cassette, a genetic cascade composed of nodal, lefty, and Pitx2, is activated downstream of the nodal flow and promotes the subsequent LR asymmetrical morphogenesis (Burdine and Schier, 2000) . However, recent studies suggested that the mechanisms of LR asymmetrical development diverged evolutionarily even among vertebrates (Bergmann et al., 2003; Shibazaki et al., 2004; Levin and Palmer, 2007) . For example, in amphibians, the first cue for LR asymmetric development is an LR asymmetric proton flux at the early stage of cleavage (Adams et al., 2006) . In contrast, the molecular mechanisms of LR axis formation in invertebrates remain largely unknown, although some important clues have been obtained from nematodes and snail Bergmann et al., 2003; Shibazaki et al., 2004) . To understand such mechanisms in invertebrates, we have been studying LR asymmetric development in Drosophila melanogaster (Taniguchi et al., 2007a; Okumura et al., 2008) .
Drosophila has several LR asymmetric organs, including the gut, brain, spermiduct, and genital plate (Gleichauf, 1936; Hayashi and Murakami, 2001; Ligoxygakis et al., 2001; Adá m et al., 2003; Pascual et al., 2004; Baum, 2006) . These organs show stereotypic LR asymmetry, and their LR inversion is very rare (Adá m et al., 2003; Gleichauf, 1936; Hayashi and Murakami, 2001; Pascual et al., 2004) . Among these organs, the embryonic gut is the first to form an LR asymmetrical morphology (Hayashi et al., 2005) . Previous studies have identified many genes and signaling pathways involved in the LR asymmetrical development of the Drosophila embryonic gut, including Myosin31DF (Myo31DF), single-minded, Drosophila E-Cadherin (DE-Cad), Myosin II, the Rho GTPase family, canonical Wnt signaling, and JNK signaling (Hayashi and Murakami, 2001; Ligoxygakis et al., 2001; Hozumi et al., 2006; Maeda et al., 2007; Taniguchi et al., 2007b Taniguchi et al., , 2011 Okumura et al., 2010; Kuroda et al., 2011) .
The cellular basis of LR asymmetrical morphogenesis in the Drosophila embryonic hindgut has been studied . The hindgut first forms symmetrically, at stage 12 (Hayashi and Murakami, 2001; Taniguchi et al., 2011) . It then rotates counterclockwise 90 degrees as viewed from the posterior end, and consequently forms an LR asymmetrical structure at stage 13 (Hayashi and Murakami, 2001; Taniguchi et al., 2011) . Even before this rotation, the shape of the hindgut epithelial cells at the apical plane is LR asymmetric . Because the three-dimensional structure formed by these cells cannot be superimposed on its mirror image, this LR asymmetric property is referred to as ''planar cell-shape chirality'' (PCC) .
A PCC-like phenomenon was independently found for certain mammalian cells (Xu et al., 2007; Wan et al., 2011) . Thus, PCC may be evolutionarily conserved, although whether the underlying mechanisms are homologous remains to be studied (Horne-Badovinac and Munro, 2011) . In Drosophila, PCC formation probably depends on the asymmetrical distribution of DE-Cad at apical cell boundaries . Furthermore, a computer simulation suggested that PCC can drive the counterclockwise 90-degree rotation of the embryonic hindgut . In embryos homozygous for a Myo31DF mutant, the direction of hindgut rotation is inverted (Hozumi et al., 2006) . In these embryos, the PCC is the mirror image of that in wild-type embryos, and the distribution of DE-Cad is also reversed . These results suggested that PCC may be a cause of the counterclockwise rotation.
The rotation of the hindgut also depends on the actin cytoskeleton (Hozumi et al., 2006) , and the organization and function of actin filaments are regulated by the Rho GTPase family (Hall, 1998) . The suppression of Rho1 in the hindgut epithelium randomizes the LR asymmetry of the hindgut (Hozumi et al., 2006) . In general, the activity of Rho1 is regulated positively by RhoGEF and negatively by RhoGAP (Symons and Settleman, 2000) . A Drosophila homolog of the mammalian RhoGEF Ect2, Pbl (encoded by the pebble (pbl) gene), specifically binds to Rho1 (Prokopenko et al., 1999) , and activates it in the cell cortex, via a complex it forms with Tumbleweed and Pavarotti (Somers and Saint, 2003) . The activated Rho1 then acts through its effectors, Diaphanous and Citron kinase, to promote formation of the contractile actin-myosin ring (Somers and Saint, 2003) . In addition, Pbl homologs play an evolutionarily conserved role in cytokinesis (Tatsumoto et al., 1999; Morita et al., 2005) .
Furthermore, in Drosophila, pbl is required for the epithelial-to-mesenchymal transition (EMT) of the mesoderm and for mesoderm migration (Smallhorn et al., 2004; Schumacher et al., 2004) . These two functions of Pbl can be separated genetically, indicating that Pbl is a multi-functional protein (Schumacher et al., 2004) . For example, although Pbl is known as a RhoGEF, it is also required for the activation of Rac GTPase during mesoderm migration (van Impel et al., 2009) .
However, although Rho1 and the actin cytoskeleton are known to be involved in asymmetric development, no role of Pbl in LR asymmetric development has been reported in any species.
Results

2.1.
Identification of pbl fortune as a mutant with defects in LR asymmetry of the embryonic hindgut
To identify genes involved in LR asymmetric development of the Drosophila embryonic gut, we performed a genetic screen of mutants on the third chromosome (to be presented elsewhere). We established about 2000 ethyl methanesulfonate-induced mutant lines. Embryos homozygous for each mutation were examined for laterality defects of the gut. From this screen, we isolated a new allele of pbl, designated pbl fortune , which affected the LR asymmetry of the hindgut (Fig. 1B-E) . We found that about 20% of embryos homozygous for pbl fortune showed no laterality in their hindgut (Fig. 1B-E) , which normally curves to the right at stage 13. We then examined the trans-heterozygotes and homozygotes of other known pbl alleles for LR defects. pbl 2 is a null allele (Prokopenko et al., 1999) , and pbl 3 is a strong loss-offunction allele (Prokopenko et al., 1999; Schumacher et al., 2004 no-rotation phenotype at various frequencies ( Fig. 1E ). Consistent with pbl 2 being a null allele, the pbl 2 /pbl 2 embryos showed the most severe LR defects, which represented almost complete randomization of the hindgut laterality ( Fig. 1F ).
We next tested the effects of a chromosomal deletion uncovering the pbl locus, Df(3L)BSC388. The LR defects of the hindgut were more severe in the pbl fortune /Df(3L)BSC388 and pbl fortune /pbl 2 embryos than in the pbl fortune /pbl fortune embryos (Fig. 1F ). These results suggested that pbl fortune is a hypomorphic allele.
In embryos homozygous or trans-heterozygous for various pbl mutant alleles, the cell sizes in various tissues, including the hindgut epithelium, were larger than in wild type ( Fig. 1I and J, and data not shown). We also found that the number of cells comprising of the hindgut epithelial tube was lower in the mutant embryos than in wild type (see Fig. 5A , below). These results were consistent with earlier findings that pbl is required for cytokinesis (Prokopenko et al., 1999; Somers and Saint, 2003) .
pbl fortune has a transcript-splicing defect
To characterize the molecular lesion of pbl fortune , we analyzed the DNA sequence of the pbl fortune locus. We found a base substitution (G to A) in a splice donor site at the 9321st base pair from the transcription initiation site (+1), which can cause a splicing failure of the third intron (Fig. 1G, upper) . To determine if the third intron was included in the mutant transcripts, we amplified the cDNA fragment encompassing the sequence from the third to fifth exons by upper) . From cDNA samples prepared from wild-type embryos (0-3 or 12-15 h after egg laying [AEL]), a fragment composed of the third to fifth exons, but not the third and fourth introns, was amplified ( Fig. 1H , lower). However, cDNA prepared from pbl fortune /pbl fortune embryos (0-3 or 12-15 h AEL) yielded two bands under the same conditions (Fig. 1H, lower) .
Sequencing of the upper band revealed that it contained the third intron as well as the third to fifth exons, indicating that the mutation in the donor site disrupts the splicing of the third intron. The incompletely spliced mRNA transcribed from the pbl fortune locus gains a premature stop codon ( Fig. 1G , lower, arrowhead); therefore, the pbl fortune locus produces a very short polypeptide corresponding to the N-terminus of Pbl (Fig. 1G , lower). The size of the lower band was similar to that of the band amplified from wild-type cDNA (Fig. 1H , lower). There are two possible explanations for the presence of the lower band. First, the mutation in the donor site may not completely suppress the splicing of the third intron. This would be consistent with our conclusion that pbl fortune is a hypomorphic allele.
Second, the wild-type mRNA could be delivered maternally to pbl fortune /pbl fortune embryos from a pbl fortune /+ female. This maternal pbl mRNA could not be removed, because females carrying germline clones of pbl fortune were sterile (data not shown). Therefore, it is difficult to distinguish between these two possibilities.
pbl is expressed LR symmetrically in the hindgut epithelium before the onset of epithelial rotation
The expression pattern of pbl in various embryonic tissues, but not the gut, has been reported (Prokopenko et al., 2000; Smallhorn et al., 2004) . We therefore analyzed the distribution of pbl mRNA in the embryonic gut by in situ hybridization. As reported previously, pbl mRNA was detected in the Malpighian tubule and mesoderm (Prokopenko et al., 2000) . In addition, we detected pbl mRNA in the hindgut primordium at stage 12 ( Fig. 2A) , before the onset of the anticlockwise rotation of this organ. Interestingly, pbl was expressed LR symmetrically in the hindgut and its primordium at this stage ( Fig. 2A and C) . A sense probe for pbl did not detect a signal in the Malpighian, mesodermal, or hindgut tissues (Fig. 2B and D) . However, a signal in the salivary gland was detected by both the antisense and sense probes, indicating that the salivary-gland staining was nonspecific ( Fig. 2C and D, arrowhead) .
2.4.
pbl function in the hindgut epithelium is required for normal LR asymmetrical development of the hindgut
Pbl is expressed in a number of embryonic tissues (Prokopenko et al., 2000; Smallhorn et al., 2004) . To understand its function in LR asymmetrical development of the hindgut, we determined the tissue in which pbl expression was required for normal asymmetric development of the hindgut. We overexpressed a full-length pbl (UAS-pbl) in various tissues of embryos homozygous for pbl fortune , using the GAL4/UAS system (Brand and Perrimon, 1993; Prokopenko et al., 1999) , in which various Drosophila lines express yeast GAL4 in a tissue-specific manner. We used arm-GAL4 (ubiquitous), byn-GAL4 (hindgut), NP2432 (hindgut epithelium), 24B-GAL4 (somatic and visceral mesoderm), elav-GAL4 (neuron), and 48Y-GAL4 (midgut endoderm and somatic and visceral mesoderm) as GAL4 drivers. The expression patterns of these GAL4 drivers are shown schematically in Fig. 3C .
Introduction of a single copy of UAS-pbl reduced the frequency of LR defects in the hindgut by half in the pbl fortune / pbl fortune embryos, even without a GAL4-driver (Fig. 3D ). This can be explained by leaky expression of UAS-pbl, which is sometimes observed (Kuroda et al., 2011) . The ubiquitous expression of pbl driven by arm-GAL4 in pbl fortune /pbl fortune embryos completely rescued the LR defects in the hindgut (Fig. 3D) . The specific expression of pbl in the hindgut epithelium, driven by byn-GAL4 or NP2432, also rescued the LR hindgut defects in pbl fortune /pbl fortune embryos (Fig. 3B-D) . As described above, the expression of pbl was detected in the hindgut primordium, which later develops into the hindgut epithelium ( Fig. 2A) . In contrast, the overexpression of pbl in other tissues of pbl fortune /pbl fortune embryos, driven by 24B-GAL4, elav-GAL4, or 48Y-GAL4, did not rescue the laterality defects ( Fig. 3C and  D) . These results suggested that pbl activity in the hindgut epithelium is required for normal LR asymmetric development of this organ. This idea is consistent with previous findings that the expression of Myo31DF and DE-Cad in the hindgut epithelium, but not in other tissues, is required for the normal LR asymmetric development of the hindgut (Hozumi et al., 2006; Taniguchi et al., 2011) .
2.5.
Tissue specification of the embryonic hindgut is normal in embryos homozygous for pbl
As described above, normal LR asymmetric development of the hindgut required the expression of pbl in the hindgut epithelium, where the endogenous expression of pbl was also detected. It was therefore possible that the LR defects of the hindgut in the pbl homozygote were due to defective specification of the hindgut, rectum, and anal pad epithelia. To determine whether these tissues were specified normally in the pbl fortune homozygotes, we examined the expression of various marker genes, which are shown schematically in Fig. 4A . Delta (Dl), crumbs (crb), and engrailed (en) are expressed in the ventral half, dorsal half, and boundary cells of the hindgut epithelial tube, respectively (Fig. 4A, left) . The expression of these genes was detected by specific antibodies recognizing their protein products and fluorescent secondary antibodies (Fig. 4B-D and G-I). hedgehog (hh) and wingless (wg) are expressed in the rectum and anal pad, respectively (Fig. 4A,  right) . The expression of these two genes was also detected by specific antibodies recognizing their proteins using diaminobenzidine (DAB) staining (Fig. 4E , F, J and K) (Takashima and Murakami, 2001; Maeda et al., 2007) . We found that the expression patterns of these genes were similar between the wild-type and pbl fortune /pbl fortune embryos (Fig. 4B-K) . These data suggested that the tissue-specification of the hindgut epithelium was not severely disrupted in the embryos homozygous for pbl fortune , even though the number of epithelial cells was decreased.
2.6.
The reduced number of epithelial cells may cause laterality defects in the embryonic hindgut cytokinesis (Prokopenko et al., 1999; Somers and Saint, 2003) . Second, pbl is required for EMT and mesoderm migration (Smallhorn et al., 2004; Schumacher et al., 2004) . These two functions of Pbl depend on distinct downstream effectors (Somers and Saint, 2003; Schumacher et al., 2004; van Impel et al., 2009) . Therefore, we next examined whether the LR defects of the hindgut were due to a defect in cytokinesis or epithelial integrity.
To address this issue, we counted the cells in the epithelium of the embryonic hindgut in wild-type and pbl fortune /pbl fortune embryos. The number of epithelial cells was determined by counting the total nuclei in each hindgut epithelium. In the wild-type embryonic hindgut, the mean number of nuclei was 666 (n = 5) (Fig. 5A ). This number was significantly reduced in the hindgut of pbl fortune homozygotes, in which the mean number of nuclei was 461 (n = 11) (Fig. 5A) . However, we did not observe a significant correlation between the number of nuclei and the LR phenotype of pbl fortune homozygotes: normal laterality (481 nuclei/hindgut, n = 4); bilateral (422 nuclei/ hindgut, n = 4); LR inversion (478 nuclei/hindgut, n = 3) (Fig. 5A ). The reduced number of nuclei in the hindgut epithelium of pbl fortune /pbl fortune embryos was rescued by overexpressing UAS-pbl in the hindgut epithelium (664 nuclei/hindgut, n = 5) (Fig. 5A ). The expanded cell size in the hindgut epithelium of pbl fortune /pbl fortune embryos was also rescued under this condition (compare Fig. 5B and Fig. 1I and J) .
Considering that the number of nuclei was decreased in the hindgut epithelium of pbl fortune homozygotes, we speculated that the reduction in cell number might be a cause of the LR defects in the hindgut of pbl fortune homozygotes. To test this possibility, we examined the LR asymmetry of the hindgut in embryos of another mutant that is known to reduce the cell number. string (stg) encodes a Drosophila M-phase inducer phosphatase, and its mutation blocks the cell cycle (Duronio and O'Farrell, 1994) . We found that the number of nuclei was reduced (217 nuclei/hindgut, n = 4) in the hindgut of stg homozygotes (Fig. 5A) . In these embryos, we found LR defects at 20% frequency (n = 63) ( Fig. 5C and D) . These results suggested that the reduction in cell number might cause the LR defects of the hindgut seen in the pbl and stg homozygotes.
Epithelial cell polarity is maintained in the hindgut of the pbl homozygote
In Drosophila, Pbl is required for EMT and the migration of mesodermal cells (Schumacher et al., 2004; Smallhorn et al., 2004 ). Therefore, it was possible that the integrity of the epithelium was affected in the hindgut epithelium of embryos homozygous for pbl. In addition, it was previously reported that Ect2, a mammalian ortholog of Pbl, is required for the establishment of epithelial cell polarity (Liu et al., 2006) . Therefore, in addition to reduced cell number, we speculated that defects in the integrity of the hindgut epithelium might also account for the LR defects of the embryonic hindgut in the pbl homozygotes. To test this possibility, we examined the subcellular localization of various markers for epithelial structures (Fig. 6A-J) . These markers included Discs large (Dlg), atypical protein kinase C (aPKC), and DE-Cadherin (DECad), which localize to the basolateral membrane, apical membrane, and adherens junctions, respectively (Oda et al., 1994; Knust and Bossinger, 2002) . In addition, we examined the localization of F-actin by Phalloidin staining, because pbl activates Rho1, which can regulate the actin cytoskeleton (Prokopenko et al., 1999; Smallhorn et al., 2004) .
We compared the subcellular distribution of these marker proteins between the wild-type and pbl fortune /pbl fortune hindgut epithelia ( Fig. 6A-J) . We did not detect any difference in the distribution patterns of Dlg and aPKC between the hindgut epithelia of wild-type and pbl fortune /pbl fortune embryos (Fig. 6A-C and F-H) . The adherens junctions and actin cytoskeleton also appeared to be normal, because the distributions of DE-Cad and F-actin in this tissue were essentially the same between wild-type and pbl fortune /pbl fortune embryos (Fig. 6D , E, I and J). These results suggested that the normal apicobasal cell polarity in the hindgut epithelium was maintained in the pbl fortune homozygous embryos. Thus, the LR defects in the embryonic hindgut of pbl homozygotes do not appear to be attributable to an abnormality of the epithelial structure.
Discussion
Reduced cytokinesis may be responsible for the LR defects in the hindgut of embryos homozygous for pbl
In this study, we identified pbl as a gene required for LR asymmetric development of the embryonic hindgut in Drosophila. The embryonic hindgut rotates counterclockwise 90 degrees, which leads to the LR asymmetric morphogenesis of this organ (Hayashi and Murakami, 2001; Taniguchi et al., 2011) . The visceral muscles overlying the hindgut epithelial tube are not required for this rotation, suggesting that the epithelial tube is responsible for it (Hozumi et al., 2006; Taniguchi et al., 2011) . Embryos homozygous for Myo31DF and DE-Cad respectively show reversion and randomization of the hindgut laterality (Hozumi et al., 2006; Taniguchi et al., 2011) . Consistent with the idea that epithelial cells are responsible for the hindgut rotation, these two genes need to be expressed in the hindgut epithelium for its normal LR asymmetric development. This idea was further supported by our present finding that a function of pbl in the hindgut epithelium is required for the development of the LR asymmetry of this organ.
Pbl is a multi-functional protein (Prokopenko et al., 1999; Somers and Saint, 2003; Schumacher et al., 2004; Smallhorn et al., 2004) . Among its functions, it is well known to be required for cytokinesis (Prokopenko et al., 1999; Somers and Saint, 2003) . As expected from this role, the number of cells in the hindgut epithelium of pbl mutant embryos was decreased, being accompanied by an increase in cell size (Figs. 1I, J and 5A). In the hindgut epithelium, cell proliferation is completed by stage 10, and it does not occur during the rotation at stage 13 (Iwaki et al., 2001 ). Thus, cell proliferation itself is not involved in the rotation of the hindgut. However, LR defects were also observed in the embryonic hindgut homozygous for stg, a mutant that induces the arrest of mitosis by a different mechanism from that of pbl (Fig. 5A, C and D) . In the hindgut epithelium of stg homozygotes, we observed a reduced cell number and increased cell size, as expected from previous studies ( Fig. 5A and C) . Based on these observations, we speculated that the reduced cell number might be a cause of the LR defects in the hindgut in pbl and stg mutants.
3.2.
Formation of LR polarity may be defective in the pbl homozygote
We studied the LR defects of the embryonic hindgut in various mutant alleles of pbl. Among them, a null mutant, pbl 2 showed the highest frequency of LR defects (Fig. 1F) . The predominant LR phenotype of the pbl 2 homozygotes was LR inversion (40%), indicating that the laterality was almost completely randomized in the absence of zygotic pbl functions. These results suggest that the LR polarity may not form properly if the number of cells falls below some threshold. However, in embryos homozygous for hypomorphic alleles of pbl, such as pbl 3 and pbl fortune , no laterality phenotype was dominant. At this point, it is difficult to explain why the two LR phenotypes appeared at different frequencies in embryos with different pbl alleles.
We previously showed that epithelial cells of the embryonic hindgut have a chiral cell-shape along their apical plane, referred to as PCC, before hindgut rotation . Our computer simulation predicted that PCC could account for the rotation of the hindgut epithelial tube . However, in this study, we could not examine the PCC formation in the hindgut epithelium of the pbl homozygote, because the structure of the hindgut epithelial tube was not straight enough to define the antero-posterior (A-P) axis, which is essential to measure the shape of cells at the apical plane (Fig. 1J) . Nevertheless, we found that the apical cell-shape of the hindgut epithelium was rounded and not elongated along the A-P axis in embryos homozygous for pbl, compared with those cells in wild-type (see Fig. 1I and J and data not shown). Moreover, similar defects in epithelial cell-shape were found in the embryonic hindgut of the stg homozygote (data not shown). Our previous computer model suggested that PCC is formed through the LR asymmetry of the contraction force among cell boundaries in the hindgut epithelium. A reduced cell number in this tissue may affect the force's intensity and distribution among cell boundaries. It is also likely that the reduced cell number affects the size of the hindgut, which could lead to changes in the physical characteristics of the epithelium, such as stiffness. We speculate that these alterations associated with the reduced cell number disrupt the proper formation of PCC, which leads to the LR defects seen in the hindgut of pbl or stg mutant embryos.
3.3.
Possible involvement of other pbl functions in LR asymmetric development of the embryonic hindgut Although our results are consistent with the idea that the reduced cell number in the hindgut epithelium is one of the causes of LR defects in the embryos homozygous for pbl, we cannot exclude the possibility that other Pbl functions are involved in the LR asymmetric development of the hindgut. We noted that embryos homozygous for pbl 2 , a null mutant of pbl, showed hindgut laterality defects at a much higher frequency than the stg homozygote, although the number and (H) are merged images of (A and B) and (F and G), respectively. Scale bars: 10 lm.
of epithelial cells was much lower in the stg homozygote than in the pbl fortune homozygote. In addition, the predominant LR defect was the no laterality phenotype in the hindgut of embryos homozygous for stg, whereas it was LR inversion in the pbl homozygotes. These results suggest that the LR defects observed in the pbl mutant may not be completely explained by the reduction in cell number of the hindgut epithelium. Previously, our group reported that regulation of the actin cytoskeleton by Rho and Rac signaling is required for LR asymmetrical development of the hindgut and the formation of PCC (Hozumi et al., 2006; Taniguchi et al., 2011) . pbl is required for the activation not only of the Rho GTPase but also of the Rac GTPase during mesoderm migration (van Impel et al., 2009 ). The branching of downstream cascades controlled by Pbl is also reported (Somers and Saint, 2003; Smallhorn et al., 2004; Schumacher et al., 2004; van Impel et al., 2009) . Therefore, in addition to pbl's role in cytokinesis, it is likely that other pbl functions are required for LR asymmetrical development of the hindgut.
4.
Experimental procedures
Fly stocks
All experiments were performed at 25°C on a standard Drosophila culture medium. Canton-S was used as wild-type. The following mutant alleles were used: pbl fortune , a novel allele induced by ethyl methanesulfonate (this study); pbl 2 , a null allele (Prokopenko et al., 1999) ; pbl 3 , a loss-of-function allele (Prokopenko et al., 1999) ; Df(3L)BSC388, a deficiency uncovering the pbl locus (Bloomington Stock Center); stg 4 , a null allele of stg (Bloomington Stock Center); and Df(3R)BSC500, a deficiency uncovering the stg locus (Bloomington Stock Center).
The following UAS lines were used: UAS-pbl (Prokopenko et al., 1999) and UAS-RedStinger (Bloomington stock center). The following GAL4 drivers were used: 48Y-GAL4 (MartinBermudo et al., 1997), 24B-GAL4 (Michelson, 1994) , elav-GAL4 (Lin and Goodman, 1994; Yao and White, 1994) , byn-GAL4 (Iwaki and Lengyel, 2002) , armadillo-GAL4 (arm-GAL4) (Sanson et al., 1996) , and NP2432 .
4.2.
In situ hybridization
Antisense and sense pbl RNA probes labeled with Digoxigenin were generated from the BDGP cDNA clone SD01796 using a DIG RNA-labeling mix (Roche). In situ hybridization of embryos was performed as described (Jiang et al., 1991) .
Embryo staining
Histochemical staining for b-galactosidase activity was performed according to a standard protocol described before (Sullivan et al., 2000) . Antibody staining of embryos was performed as previously described (Hozumi et al., 2006) . For staining with the anti-DE-Cad antibody and Rhodamine Phalloidin, the embryos were devitellinized with cold 80% ethanol, instead of methanol.
The primary antibodies used were chick anti-b-galactosidase antibody (Abcam, 1:500), mouse anti-phosphotyrosine antibody (PY20) (BD Biosciences, 1:500), rat anti-DE-Cad antibody (DSHB, 1:20) , mouse anti-Dlg antibody (DSHB, 1:100), rabbit anti-aPKC antibody (Santa Cruz Biotechnology, 1:500), mouse anti-Delta antibody (DSHB, 1:200), mouse anti-En antibody (DSHB, 1:25), mouse anti-Crb antibody (DSHB, 1:200), rabbit anti-Hh (a gift from T. Tabata, 1:1000), rabbit anti-RFP (MBL, 1:500), and mouse anti-Wg antibody (DSHB, 1:50). Secondary antibodies, Cy5-conjugated anti-rabbit IgG (Jackson ImmunoResearch), Dylight549-conjugated anti-mouse IgG (Jackson ImmunoResearch), Dylight649-conjugated anti-rat IgG (Jackson ImmunoResearch), and Dylight488-conjugated anti-chick IgY (Jackson ImmunoResearch) were used at 1:200. Rhodamine Phalloidin was used to stain filamentous actin (Molecular Probes, 1:200) . With the anti-Hh and anti-Wg antibodies, the DAB staining was detected with the Vectastain ABC kit from Vector Labs (Ashburner, 1989) . For nuclear staining, we used propidium iodide (PI) (Dojindo, 20 lg/ml).
To determine the number of cells in the embryonic hindgut epithelium at stage 13, we counted the total number of labeled nuclei in the hindgut expressing UAS-RedStinger or stained with PI.
Stained embryos were mounted in 50% glycerol or methyl salicylate and analyzed with an Axioskop 2 plus (Zeiss) and LSM 5 PASCAL (Zeiss) microscope. The images were processed with ImageJ (http://rsb.info.nih.gov/ij/).
4.4.
Detection of unspliced pbl mRNA in the pbl PCR with 30 cycles was performed using standard conditions (TaKaRa Ex Taq, Takara Bio Inc.).
